IMPORTANCE Influenza is associated with an increased risk of cardiovascular events, but to our knowledge, few studies have explored the temporal association between influenza activity and hospitalizations, especially those caused by heart failure (HF).
I n the United States, there are approximately 36 000 influenza-associated deaths during each influenza season and more than 200 000 influenza-associated excess hospitalizations. 1 Influenza infection is known to be associated with an increased risk of cardiovascular (CV) events. 2 Several studies have reported an increase in CV mortality and acute myocardial infarction (MI) during times when influenza was circulating. These findings are consistent across studies using various measures for MI, such as autopsy-confirmed MI deaths 3 and International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) discharge diagnosis codes, 4, 5 and influenza activity at the population level through surveillance data [2] [3] [4] and individual level with laboratory-confirmed infection. 6 Two separate self-controlled case series studies found an increased risk for MI when preceded by acute respiratory infection, particularly in the week before the event. 6, 7 These results support a temporal association between influenza infections and acute CV events. While several previous studies examining the association between influenza and CV disease have focused on mortality, fewer have explored the extent to which influenza contributes to CV hospitalizations specifically due to heart failure (HF). Patients with or at risk for HF are thought to be especially vulnerable to influenza-associated complications because of some degree of immunocompromise and have been shown to mount less vigorous responses to influenza vaccines. 8 To our knowledge, the temporal association between influenzalike illness (ILI) and adjudicated hospitalizations for acute HF and MI has not been previously studied in a community population. We hypothesized that influenza activity would be associated with an increase in MI and HF hospitalizations among adults in a community population.
Methods
As part of the community surveillance component of the Atherosclerosis Risk in Communities (ARIC) study, data were collected from annual cross-sectional stratified random samples of hospitalizations of adults aged 35 to 84 years in 4 US communities from October 2010 to September 2014. The 4 communities were geographically diverse and included Jackson, Mississippi; some city suburbs of Minneapolis, Minnesota; and 2 rural communities: Forsyth County, North Carolina, and Washington County, Maryland. Based on the 2010 Census, 451 588 individuals between the ages of 35 to 84 years lived in the ARIC communities (eTable 1 in the Supplement).
Monthly ILI activity, the exposure of interest, was defined as the percentage of patient visits to sentinel clinicians for ILI in Mississippi, Minnesota, Maryland, and North Carolina as reported by the Centers for Disease Control and Prevention (CDC) US Outpatient Influenza-Like Illness Surveillance Network. Influenza-like illness was defined as a fever (temperature of 100°F [37.8°C] or higher), a cough and/or sore throat, and no known cause of symptoms. Influenza-like illness activity was defined at the month/region level and assumed constant across age/sex/race/ethnicity strata within a given month/site. The CDC also reports deaths due to pneumonia and influenza based on the National Center for Health Statistics Mortality Surveillance as well as cumulative influenza-associated hospitalization rates based on the surveillance of laboratory-confirmed influenza-associated hospitalizations. 9 These measures of influenza or ILI were used to determine the severity of the influenza seasons and assess consistency across measures. The number of hospitalizations for probable or definite MI and HF by month were adjudicated in the surveillance component of the ARIC Study. The methods of event ascertainment and classification have been described previously.
10
A random sample of eligible hospitalizations were selected based on 3 criteria: (1) ICD-9-CM and ICD-10-CM discharge diagnosis codes for hospitalized MI (402, 410-414, 427, 428, 518.4, I11.x, I20.x, I21.x, I22.x, I24.x, I25.x, I46.x, I47.x, I48.x, I49.x, I50.x, J81.0, and R00. 10,11 The number of eligible hospitalizations that were abstracted was reduced by applying random sampling within strata defined by ICD diagnosis codes, age, sex, race/ ethnicity, and communities of residence. The sampling fractions varied by strata and were defined to achieve similar standard errors for event rates across strata. We aggregated event counts by month, region, age, sex, and race/ethnicity. The range of dates were used as the study period because weekly ILI data by state were reported starting in 2010, and the adjudicated ARIC surveillance data were not available after 2014. This study was deemed exempt from review by the Brigham and Women's institutional review board; none of the authors had direct access to information that could identify individuals and no informed consent was required. We used a Poisson regression model to associate monthly influenza activity with hospitalizations for MI and HF. For these analyses, we combined new (incident) and recurrent hospitalized events. Models were adjusted for region, flu season, age, sex, race/ethnicity, and the number of hospitalizations from the month before to account for autocorrelation and included as an offset variable the log of the total population at
Key Points
Question Is increased influenza activity associated with an increase in hospitalizations for heart failure and myocardial infarction?
Findings In this community surveillance study of approximately 451 588 adults, a 5% absolute increase in influenza activity was associated with a 24% increase in heart failure hospitalizations rates within the same month but no significant increase in myocardial infarction hospitalizations.
Meaning Increased levels of influenza activity are associated with increased hospitalizations for cardiovascular events, indicating that influenza activity should be addressed in efforts to prevent heart failure hospitalizations.
risk living in the ARIC communities divided by the sampling fractions (eMethods in the Supplement). Given known seasonal differences in influenza virulence, we also stratified the models by season. For the analysis of HF hospitalizations, we also stratified the models to compare HF with preserved ejection fraction (left ventricular ejection fraction ≥50) vs HF with reduced ejection fraction (left ventricular ejection fraction <50) and incident vs recurrent hospitalizations. Additionally, we added interaction terms to assess if associations differed by age, sex, race/ethnicity, or region.
To account for the association of weather with influenza activity and CV outcomes, the monthly average temperature during the study period was also included in the analysis. The monthly average temperatures reported by the National Centers for Environmental Information National Oceanic and Atmospheric Administration was based on data collected at landbased weather stations within the study regions. Station details are provided in eTable 2 in the Supplement.
The number of MI and HF events were cross correlated with the percentage of patient visits for ILI from up to 6 months prior to assess the appropriate delay from exposure to outcome. To examine the temporal association between influenza and hospitalizations for HF or MI, we also evaluated separate models with the percentage of patient visits for ILI from a month prior as well as the subsequent month as the exposure variables. This was specifically to test for a lag in the association between influenza and hospitalizations for HF or MI or reverse causality. We used our final model to estimate the risk reduction associated with baseline ILI activity (ie, a month with 1% ILI) compared with elevated ILI activity (ie, a month with 6% ILI activity).
In a sensitivity analysis, we analyzed the correlation between ILI activity at the state level in North Carolina and at the county level in Forsyth County, North Carolina. County-level data were not available for the other ARIC communities. Influenza-like illness activity in Forsyth County was reported by the North Carolina Department of Health and Human Services/Department of Public Health Disease Event Tracking and Epidemiologic Collection Tool (NC DETECT), which is an advanced, statewide public health surveillance system that is funded by the North Carolina Division of Public Health and Public Health Emergency Preparedness Grant and managed through collaboration between the North Carolina Division of Public Health and the University of North Carolina at Chapel Hill Department of Emergency Medicine's Carolina Center for Health Informatics.
Analyses were performed using Stata, version 14 (StataCorp) and statistical significance was set at P< .05.
Results
Influenza activity by season as reported by the CDC for the regions studied is shown in Table 1 and ILI activity over these regions by season is shown in Figure 1 . Of the seasons studied, peak ILI activity was the highest in the 2012 to 2013 season and the lowest in the 2011 to 2012 season, with a peak of 10.1% vs 6.6% of visits to sentinel clinicians for ILI, respectively (Table 1) On average, a 5% increase in monthly ILI activity was associated with a 24% increase in HF hospitalization rates within the same month after multivariable adjustment (incidence rate ratio [IRR], 1.24; 95% CI, 1.11-1.38; P < .001) (Figure 2) . Influenza-like illness activity was not significantly associated with MI hospitalizations (IRR, 1.02; 95% CI, 0.90-1.17; P = .72) when examined over the 4 seasons. During the 2 most severe influenza seasons (2010-2011 and 2012-2013), we observed a 22% and 20% temporally associated increased risk of HF (IRR, 1.22; 95% CI, 1.01-1.49; P = .04; and IRR, 1.20; 95% CI, 1.02-1.40; P = .02; respectively) and a positive but not significant association with MI in 2012 to 2013 (IRR, 1.12; 95% CI, 0.92-1.35; P = .25), suggesting that the influenza is associated with CV events especially during severe influenza seasons ( Figure 2 ). Influenza-like illness activity in the months before hospitalization was not associated with either outcome. The estimated association between ILI activity and hospitalizations for HF and MI overall remained consistent after adjusting for monthly average temperatures (IRR, 1.17; 95% CI, 1.03-1.34 and IRR, 1.10; 95% CI, 0.94-1.28; respectively). The association between ILI activity and HF and MI hospitalizations was similar among men and women (IRR, The corresponding risk reduction that was associated with reduced levels of ILI activity (IRR, 0.81; 95% CI, 0.72-0.90 per absolute 5% decrease in ILI) suggests that HF hospitalizations were 19% higher in months with elevated ILI activity (ie, a month with 6% ILI activity) when compared with a month with baseline ILI activity of 1%. No significant reduction in MI hospitalizations was associated with reduced levels of ILI activity (IRR, 0.98; 95% CI, 0.86 -1.11).
In a sensitivity analysis, we associated monthly ILI activity at the state level in North Carolina with county-level activity in Forsyth County, North Carolina. State-level and county- 
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Association of Influenza-like Illness Activity With Hospitalizations for Heart Failure level activity were highly correlated (r = 0.92; P < .001). The estimated association between influenza and HF, as well as MI hospitalizations, remained unchanged when the analysis was performed using ILI activity data from Forsyth County, North Carolina, rather than state-level data (IRR, 1.25; 95% CI, 1.11-1.41 and IRR, 1.00; 95% CI, 0.86-1.15; respectively).
Discussion
In this study, we used surveillance data from 4 US communities to associate monthly ILI activity as reported by the CDC with MI and HF hospitalizations. Influenza-like illness activity was associated with an increase in HF hospitalizations within the same month. Myocardial infarction was positively but not significantly associated with ILI activity, with the highest point estimate during the most severe influenza season. These data suggest that influenza is temporally associated with the risk of CV hospitalization.
The exact mechanism by which influenza infection leads to an increased risk for acute CV events is not understood, but several mechanisms likely contribute. Influenza increases metabolic demand and, in the setting of hypoxemia, may exacerbate underlying cardiac conditions. 12 Patients with HF have limited cardiac and respiratory reserves and are unlikely to tolerate infection-associated cardiac compromise. Infectionassociated upregulated sympathetic nervous system activity may worsen HF, and infection concurrent with renal dysfunction may lead to volume overload. Proinflammatory cytokine level elevations during infection may precipitate plaque rupture and be associated with myocardial depression. 13 Histologic findings from cardiac tissue samples from autopsies following deaths due to influenza have supported findings of acute myocarditis and myocyte necrosis.
14 Our results are consistent with prior reports of increased admission rates for congestive HF during the influenza season 15, 16 and studies that have temporally associated acute CV events with influenza infection. 6, 7 In one study, investiga- tors explored the effect of influenza on the risk of all-cause hospitalization among patients from 2 randomized, placebocontrolled trials among individuals with HF and found that the overall hospitalization rate was higher during the influenza season compared with noninfluenza seasons. 15 However, another Canadian study that examined the association of CDCreported influenza with HF hospital admissions did not detect significant associations between influenza and hospital admissions for HF among those older than 65 years. 17 Investigators identified all hospital discharges in Ontario, Canada, with discharge diagnosis ICD-9 codes for HF between 1988 and 1993; there was no additional adjudication process to confirm the diagnosis. This study corroborates prior reports of an association between influenza and HF hospitalizations and elucidates the temporal association between these events. Our results did not show an increased risk of MI following respiratory or influenza infection as previously reported. 6, 7 Two studies that examined the risk and timing of MI following acute infection found that MI risk was increased in the week after infection, but the association tapered over time. 6, 7 Therefore, it may not be possible to discern an association that occurs within a shorter time frame using event counts that were aggregated at the month level. The lack of a clear association in our analysis is likely a function of power and insufficient temporal resolution to detect the association between influenza infection and MI. In addition, the population sampled for MI in ARIC surveillance is younger than that sampled for HF hospitalizations and thus may be less likely to manifest the association. Previous studies on the association between influenza and hospital morbidity have primarily focused on elderly populations. 18 We found that hospitalizations for HF were associated with ILI activity in the broader study population, which included younger individuals, underscoring the vulnerability associated with HF regardless of age. The surveillance also covered urban, suburban, and rural communities, further generalizing these findings. Furthermore, we observed no heterogeneity by either sex or race/ethnicity. We found an overall increased risk of HF associated with ILI activity throughout the 4 seasons studied. These data suggest that while hospitalizations for influenza and pneumonia, and deaths associated with these, are greatest during severe influenza seasons, acute CV events are also likely increased during periods of peak influenza activity. Of note, the A/H3N2 virus, which is associated with more severe morbidity and mortality, was the predominant strain that circulated during the 2012 to 2013 season. These data have implications for surveillance strategies aimed at identifying influenza as a cause of hospitalization in high-risk CV patients and vaccination strategies to mitigate this risk.
We were not able to directly assess the association between vaccination and influenza-associated CV risk at an individual level. Influenza vaccination is the most cost-effective way to attenuate the risk of influenza-associated cardiovascular events and has been shown in meta-analyses to reduce acute CV events.
19 Currently, influenza vaccination is recommended by major guidelines in high-risk patients. The National Institutes of Health-supported INVESTED trial is testing whether a strategy using a high-dose formulation of the influenza vaccine, which may induce a more potent immune response, would reduce deaths or cardiopulmonary events more than the standard-dose vaccine. We were also unable to analyze the association between influenza severity and hospitalizations using other methods, such as the rate of influenza-associated hospitalizations. As shown in Table 1 , the year with the lowest median ILI (2013-2014) had the second highest cumulative rate of influenza-associated hospitalizations. These observations may reflect that those infected with the circulating strain had a higher rate of hospitalizations but fewer individuals in the community-reported ILI. The inconsistency in influenza severity estimates across methods suggests that our results cannot be generalized to other measures of influenza activity. There were also relatively few events in each stratum that were stratified by age, race/ethnicity, and sex; therefore, there may be limited power to detect interaction effects. Finally, surveillance data are limited by sampling, which could result in inaccurate estimates of the total number of hospitalizations within the study communities; however, the risk of biased estimates based on surveillance data are minimized by a well-designed random sampling scheme to obtain a representative sample.
Conclusions
These data suggest that an increase in population levels of influenza activity is associated with an increase in hospitalizations for CV events, suggesting that addressing influenza activity may be valuable in efforts to prevent HF hospitalizations. Further studies are necessary to determine whether strategies to reduce influenza activity at the population level reduce the incidence of MI and HF hospitalizations. 
